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This report describes a model organ-culture system for test-
ing the toxicity of chemical substances that are topically ap-
plied to human skin. In this system, the viable keratinocytes 
in the full-thickness skin explants are protected by the same 
keratinized layer as skin remaining on the donor, and toxicity 
can be assessed microscopically and/or biochemically. 
The human skin specimens were discards from a variety of 
surgical procedures. They were cut into full-thickness l.O-
cm2 explants, and briefly exposed to the military vesicant 
sulfur mustard (SM), which was used as a model toxicant. 
The explants were then organ cultured in small Petri dishes 
for 24 hat 36 oc. In the 0.03-1.0% dosage range, a straight-
line dose-response relationship occurred between the con-
centration of SM applied and the number of paranuclear vac-
uoles seen histologically in the epidermis. Within the same 
SM dosage range, there was also a proportional decrease in 
14C-leucine incorporation by the explants. Thus, the number 
of paranuclear vacuoles reflected decreases in protein synthe-
sis by the injured epidermal cells. 
A practical in vitro test for chemical substances that are toxic to human skin is greatly needed. Such a test would eliminate the injury and discomfort created by skin testing a person with toxic substances, and also would eliminate the systemic absorption of poten-
tially toxic or carcinogenic substances. Many more chemicals can be 
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The epidermis offull-thickness untreated (control) human 
skin explants usually remained viable for 7 d when stored at 
4 o C in culture medium. During storage, a relatively small 
number of paranuclear vacuoles developed within the epi-
dermis, but the explants were still quite satisfactory for test-
ing SM toxicity. Incubation (for 4 or 24 hat 36 oq of such 
control skin explants reduced (often by 50%) the small num-
ber of paranuclear vacuoles produced during 4- 7 d of stor-
age. This reduction was probably caused by autolysis of many 
of the vacuolated cells. 
Two types of paranuclear vacuoles could be identified by 
both light and electron microscopy: a storage type and a 
toxicant type. The storage type see~ed to be caused by auto-
lysis of cell components. The toxiCant type seemed to be 
caused by an invagination of the plasma membrane. Only 
toxicant-type vacuoles increased appreciably in number 
when skin explants were exposed to mustard, and to other 
toxicants.] Invest Dermato/95:325 -332, 1990 
screened in vitro for toxicity than would be practical or ethical to 
screen in vivo on human subjects. 
Human keratinocytes in culture can be used for testing toxicants 
(1-5], but they are more susceptible to injury than intact skin, 
because they are usually not protected by a keratinized layer. Full-
thickness human skin ex plants more closely match the in vivo situa-
tion. Similar to skin remaining on the host, such explants can be 
exposed to the topical application of many disinfectants and organic 
solvents with no apparent harm. 
In a previous study ( 6), we used the paranuclear vacuolization test 
to evaluate effects of topically applied sulfur mustard (SM), as well 
as other toxicants on full-thickness skin explants, which were 
mainly from guinea pigs and rabbits. In the present study, we devel-
oped this test for human skin. Included is information on the nature 
of the paranuclear vacuoles and on how long human skin could be 
kept at 4 oc and still remain usable f?r toxicity testing. With further 
validation, this test m1ght be usefulm assessmg not only the cutane-
ous toxicity of agents like SM, but also the toxicity of topically 
applied cosmetics and therapeutic agents. 
. MATERIALS AND METHODS 
Organ Culture of 1.0-cm2 Human Skin Specimens 
[ 6, 7] The skin specimens were placed on a sterile plastic sheet, 
made wet with Hanks' balanced salt solution (GIBCO Laboratories, 
0022-202X/90/S03.50 Copyright © 1990 by The Society for Investigative Dermatology, Inc. 
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G rand Island, N Y , Catalogue Number 310-4025), containing pen-
icillin (1000 U /ml) and strep tomycin (1000 Jlg/ml) , and the subcu-
taneous fat was removed w ith scissors. Trimming of the specimens 
was performed in a hood, and gloves and a surgica l mask were worn. 
T he skin was cut precisely into 1.0-cm~ full- thickness pieces and 
washed 3 times with the antibio tic-containing H anks' solution. 
Then, each explant was placed in a 35 X 1 0 mm round, sterile, 
pl astic Petri dish (Falcon Plas tics, Divis ion of Becton Dickinson 
Co., Oxnard , C A) . T he surface was patted dry w ith sterile surgical 
gauze, and the explant was placed upon. two drops of RPMI 1640 
culture medium in a Petri dish. · 
In a stainl ess steel hood with a draft of 150 linear feet of air per 
m in, 10 ,ul of dilute sulfur mustard (or its vehicl e) was applied to the 
explant 's dry upper surface by means of a H amilton syringe. The 
specimens were left in th e hood for 30 to 40 min. at 23 o C and then 
cul tured in Petri dishes wi th 2 .5 ml of culture medium RPMI 1640 
containing glutamine (GIBCO Laboratories, Catalogue Number 
320-1 875), supplemented w ith penicillin (100 U / ml) , streptomy-
cin (100 ,ug/ml) , and addtt LO nal glutamme (2.0 mM). The final 
concentrations are in parentheses . For the 14C-l eucine-incorpora-
tion experiments, 14C -leucine (0 .25 ,uCijml, 350 mCi/ mmol spe-
ci fi c ac tivity) was added to the culture medium. 
T hree sma ll Petri dishes, each containin g one explant, were 
placed in one large round Petri dish (100 X 15 mm, Falcon Plas tics), 
and the large Petri dishes were stacked in a heavy plastic vacuum j ar 
(Oxoid U .S.A., Columbia, MD). The jar was gassed w ith a 95% 
0~/5% C02 mixture at 1 .3 atmospheres of pressure, and then was 
sealed. It was roc ked 6 times/min in an incubator at 36 oc for 24 h. 
T he tops of the l.O-cm2 skin explants were not covered by the 
culture medium , but were exposed directly to the gaseous 0 2/C0 2 
mixture. T hey did, however, become moist. 
T he fixa tion, and the preparation of Giemsa-stained 1-2-,um 
glycol meth acrylate-embedded tissue sections from these explants 
are described in detail in (6-8]. 
Counting of Paranuclear Vacuoles Counting of paranuclear 
vacuoles in human skin explants is no t as precise as counting vacu-
Figure 1. Representati ve paranuclea r vacuoles in human skin stored fo r 10 
d at 4 •c. In the center of the epidermis are a typica l tox icant-type vacuole 
indentin g the nucleus (fi rst large arrow) and a typical sto rage- type vacuole 
wrapped around the nucleus (second large arrow). Three small toxicant-type 
vacuo les (s111al/ arrows) are also present. The vacuoles in pyknotic cells (e.g., 
the central basa l ce ll s herein) are never counted. Also, vacuoles smaller than 
those marked with s1nnll arro111s are never counted. Precise differentiation of 
storage-type and tox ica nt-type of vacuoles is nor poss ibl e without electro n 
microscopy, bur indentation of the nucl eus as a cri terion seems to be satisfac-
tory. Giernsa sta in . Magni fica tion X625 (i.e., 0. 625 mm = 1.0 ;.;m). 
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o les in animal skin explants. In ge neral, human epidermis is much 
thicker than animal epidermis, and the size and shape of the vacu-
oles are more variable. Counts were made with a 40X objective and 
a 12.5X ocul ar lens. 
Figure 1 shows representative paranuclear vacuoles, w hich can be 
used to guide one's counting. Vacuol es w ere counted if they were 2 
,um or larger and were next to the nucl eus. If the cell had a pyknotic 
nucleus and a vacuole, we did not count that vacuole. N arrow slits 
beside nuclei were not counted , because they could be merely 
shrinkage arti fac ts. Almost all vacuolated epidermal cell s contained 
onl y one vacuo le per cell. 
Th e vacuole counts were adjusted if the epidermis in the tissue 
section was less than, or more than, 1.0 em in length. In other 
words, to determine the number of paranuclear vacuoles per em of 
skin, we m easured the length of the tissue section in which the 
vacuo les were counted. 
Viability of the Explants Accordin g co Dame H onor Fell 
(Strangeways Laboratories, Cambridge, England) histologic evalua-
tion with li ght microscopy is one of the best ways to determine cell 
and tissue viabili ty in organ-cultured explants. W e have observed 
that when a basal keratinocyte dies , its nucleus and cytoplasm appear 
more homogeneous and its ce llul ar boundaries become indistinct. 
U sing these properties as an indicator of viability, we found that the 
entire epidermis of full - thickness human skin explants almost 
always survived well in orga n-culture for 24 h at 36 oc, and the basal 
epidermal cells and hair follicl e cells often survived well for 3 or 4 d 
at 36oC. 
Electron Microscopy [9] Pieces (2 to 3 mm thick) were cut from 
the center of th e skin explant and fi xed for 4 h at 4 o C in 2% 
paraformaldehyde/2% glutaraldehyde in 0.1 M sodium cacodylate 
buffer (pH 7 .2). They were tr~ns ferred to 0.1 M cacodylate buffer 
(pH 7.2) (containing 0.3 M sucrose) and left overnight at 4 ·c. T hey 
were then trimmed to about 1.5 mm and post-fixed in 1.0% (caco-
dylate-buffered) osmium tetroxide for 90 min, rinsed in the buf-
fered sucrose solution, dehydrated in alcohols, embedded in Spurr' 
epoxy formul ation (10], cut on an ultramicrotome, and stained witb 
lead citrate [ 11 J. 
Measurement of 14C-Leucine Incorporation into Proteins of 
the Skin E xplants D etail s of this method are published in (6J.ln 
bri ef, full - thi ckness skin explants were orga n cultured for 24 hat 
36 °C in medium RPMI 1640, containing 14C -leucine, as described 
in th e O rga n Cultu re section. After incubation, the radioactive me-
dium was decanted, and each explant was w ashed, minced, and 
homogenized. The homogenate was precipitated with trichloroa-
ceti c; ac id (TCA) and centrifuged. The pel let was was hed 5 ti mes 
w ith TCA and once with a lipid sol vent. Then, it was di gesred 
sequ entiall y with N aOH and Protosol (Du Pont-New England 
Nuclear Research Products, Boston, MA), and th e amount of 14C-
radioactivity was read 'in a scintill ation counter. 
EXPERIMENTAL DATA AND COMMENTS 
Dose-Response Curve: Number of Paranuclear Vacuoles 
Versus Concentration of SM Applied to Human Skin Ex-
plants Full- thickness skin explants (1 .0 cm2) from a breast reduc-
ti on on a white, 40-year-old female were exposed to 10 ,ul ofO, 0.03, 
0 .1, 0 .3 , and 1.0% SM in methylene chloride and organ cultured. 
The cel ls with paranuclear vacuoles were counted . Within this SM 
dosage range, there was a straight-line relationship between rbe 
dose of SM and th e number of vacuolated cells (Fig 2). 
Sk in sampl es from people of different ages obtained from differ-
ent areas o f the body did not produce the same number of vacuoles 
when exposed to 0 .2% SM (an intermediate SM concentration) 
(Table I). Other experiments (with 1.0% SM) on 9 additional 
donors confirmed the vaTiation among th e various skin specimen 
(data not prese nted) . Although we evaluated full-thickness sk.iu 
explants from a total o f 16 donors, the series was not sufficient for us 
to make any recommendation regarding preferable skin sites and 
donor age groups. Neverth eless, the data on hand clearl y indicat~ 
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CONCENTRATION OF SULFUR MUSTARD IN 10,1 METHYLENE CHLORIDE 
Figure 2. The effect of various concentrations of SM on the number of 
paranuclear vacuoles in epidermal cells of fresh full-thickness human skin 
explants. The 1.0-cm2 explants received a topica l application of 10 ,ul SM and 
then were cultured at 36'C for 24 h. The vacuolated epidermal cells were 
counted microscopically in glycol methacrylate-embedded tissue sections. 
The means (and their SE or range) of two to four explants are presented. 
These explants came from skin removed surgically for a breast reduction. 
that skin from similar sites on the same donor should be used for 
testing and comparative toxicity of a series of compounds. 
Vacuole Types Paranuclear vacuoles, when studied by transmis-
sion electron microscopy (Figs 3 and 4), proved to be of two types: 
rhe "storage type" and the " toxicant type." The storage type re-
sulted when human skin was stored in the refrigerator for several 
TOXICITY TESTING IN FULL-THICKNESS SKIN EXPLANTS 327 
days (Table I). The toxicant type was produced following the topi-
cal application of SM or other toxicants (6], or when the explants 
were incubated in solutions containing a toxicant (see below) . 
Storage-type vacuoles usually had a perinuclear location, i.e., the 
vacuoles partly (or fully) surrounded the nucleus. The nucleus usu-
ally projected into the vacuolar space (Figs 1 and 3). In contrast, 
toxicant-type vacuoles usually were found on one side of the nucleus, 
and the nucleus itself was usually indented by the vacuole (Figs 1 
and 4). 
These characteristics enabled us to identify most (but certainly 
not all) of the two types by light microscopy, using a 40X objective 
and a 12.5X ocular lens (Fig 1). They also enabled us to assemble 
Table I, which clearly shows that the application of SM increased 
the number of toxicant-type vacuoles, but did not appreciably in-
crease the number of storage-type vacuoles. 
With light microscopy, however, there was some loss of accu-
racy. Toxicant-type vacuoles (identified by electron microscopy by 
the presence of a vacuolar membrane) did not always indent the 
nucleus. Also, storage-type vacuoles (identified by electron micros-
copy by a loss of chromatin in the adjacent nucleus) could (with 
light microscopy) give the appearance of identing the nucleus if the 
chromatin loss was mainly on one side of that nucleus . 
The storage-type vacuole had no true membrane, but was merely a 
space in the cytoplasm, probably due to autolytic phenomena (Fig 
3) . The nuclear chromatin was more evenly dispersed and often 
appeared partly digested. Cytoplasmic organelles, such as mito-
chondria and endoplasmic reticulum, were fragmented. Because of 
the absence of a vacuolar membrane, the storage-type vacuole 
shou ld not be considered a true vacuole. Nevertheless, we call them 
vacuoles here in order to m ake our presentation less cumbersome. 
In contrast, the toxicant-type vacuole was membrane bound (Fig 
Table I. Effect of Storage of Full-Thickness Human Skin Explants at 4•c on the Number of Paranuclear Vacuoles in SM-Exposed 
and Control Groups After Incubation at 36' C for 24 h• 
Paranuclear Vacuolesb 
Controls 0.2% SM 
Days in Storage Storage Toxicant Storage Toxicant 
Skin Sample at 4 ' C Type Type Total Type Type Total 
1. Normal breas t skin, black female, age 30 1 28 710 738 
4 13 2 15 28 1310 1338 
7 13 10 23 28 1040 1068 
2. Normal breast skin, white female, age 27 0 45 14 59 35 780 815 
5 63 28 91 41 470 511 
9 28 13 41 56 910 966 
3. N ormal breast skin , black female, age 24 2 49 16 65 49 910 959 
5 40 9 49 56 1060 1116 
8 15 10 25 29 1030 1059 
12 87 240 327 40 1010 1050 
15 15 123 138 30 870 900 
4. Normal leg skin, white female , age 79 3 20 11 31 22 260 282 
6 20 10 30 20 400 420 
10 26 59 85 28 220 248 
5. Normal leg skin, white male, age 72 1 9 4 13 27 161 188 
4 24 4 28 44 340 384 
8 57 115 172 41 187 228 
15 172 58 . 230 124 168 292 
6. Normal arm skin, white male, age 30 7 29 34 63 78 370 448 
14 270 176 446 240 270 510 
7. Normal breast skin, white f~male, age 51 0 25 22 47 46 330 376 
6 34 49 83 60 420 480 
12 230 360 590 350 500 850 
' The skin was received in our laboratory 2 to 4 h after surgery. It was kept refrigerated at 4 'C until incubated for 24 hat 36 'C. Two explants were cultured for each value listed, 
and rhe paranuclear vacuoles were counted in two tissue sections prepared from each explant. The means of these four paranuclear counts were then calculated. The standard errors of 
these means were usually berween 5 and 15% of the means. SM (0.2% in MeCl,) was topically applied to the scored full-thickness sk in specimens within 2 h of their removal from the 
refrigerator. The controls received no topical application. These data show that 0.2% SM increased the total number of paranuclear vacuoles, both in fresh skin specimens and in those 
nored at 4•c. This increase was mainly due to an increase in the number of toxicant-type vacuoles, as the number of storage-rype vacuoles was not appreciably increased by SM. 
' Number of para nuclear vacuoles in a centrall.O-cm tissue section across the explant after 24-h incubation at 36'C. 
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Figure 3. A dege nerated cell in a full-thickness human skin explant sto red 
at 4 o C for 4 d . T he empty space around the nucleus illustrates a storage type of 
paranucl ea r vacuole (at the ultrastructural leve l) . It is not membrane nound, 
but is surro unded by fragments of cytoplas m including swollen and frag-
mented mitochondria and numerous keratohyalin fil aments. The nucleus is 
disin teg ratin g, bm the nuclear membrane is largel y intact. The chromatin 
appears more evenly d ispersed because of decreased electron density of the 
heterochromatin (probably caused by lysis). M agnification X9400. 
Figure 4. A ce ll in a full - thickness human skin explant exposed topica lly to 
1% SM and cultured for 48 h. D epicted is a ty pical toxicmzt type paranuclear 
vacuole indentin g one side of the nucleus. N ote that this vacuole is mem-
brane bound , in contrast to the storage-type vacuole. The nuclear chromatin 
is condensed. Th e nuclear envelope is largely intact, bur in this case a split in 
the envelope is present. Expl anrs cultured fo r the standard 24 h showed 
similar vacuoles and , usually, better preservation of cytoplasmic organelles. 
Mag ni fica tion X 10,300 . 
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4) . Such vacuolated cells usually showed no evidence of autolysis in 
explants incubated for 24 h at 36 °C. The toxicant-type vacuoles 
seemed to form while th e cell still appeared essentially normal, i.e., 
the mitochondria and endoplasmic reticulum were still intact and 
not dilated. 
The characteristics th at distinguished the two types of vacuoles 
were time dependent. The toxicant-type vacuoles developed in cul-
ture during th e first 24 h after the application of SM or other toxi-
cants [6] . By 48 h following the application of SM, autolytic phe-
nomena often occurred. Specifically, the vacuolar membrane 
became fragmented or absent, the nucl ear chromatin usually be-
came less dense, and the mitochondria and endoplasmic reticulum 
became abnormal in appearance . 
Storage at 4 oc alone can al so produce (membrane-bound) toxi-
cant-type vacuoles in some cells. Perhaps, the keratinocytes devel-
oping such vacuoles were dying at a faster rate than the others in the 
explant. 
The Effect of SM, Storage, and Incubation at 36oC on the 
Two Types of Vacuoles After the topical application of 0.2% 
SM, follow ed by a 24 h incubation at 36 o C, the number of toxicant-
type vacuoles evaluated by li ght nticroscopy was markedly in-
creased, but th e number of storage-type vacuoles was not appreci-
ably changed (Table I). Because the application of the toxicant 
usuall y did not produce an increase in the number of storage-type 
vacuoles (which was usually low) , counting all types of vacuoles in 
th e ti ssue sections provided a sat isfactory representation of sulfur 
mustard toxicity. Counting all th e vacuoles also reduces the count-
ing time. 
When studied with light microscopy, the number of toxicant-
type vacuol es that formed during storage at 4 o C was found to be 
quite variabl e. In fact, some of.the stored skin specimens contained 
onl y a few of these vacuol es. In contrast, skin explants incubated at 
36 °C for 3 to 4 d frequentl y contained toxicant-type vacuoles. 
Thus, toxicant-type vacuo les were produced without toxicants 
1 
when th e rate of epidermal cell dea th was hastened by the warmer 
temperature. 
Effect of Storage ofHuman Skin Explants for 1 to 15 d at 4 ·c 
on the Number of Paranuclear Vacuoles Produced by 
SM Human skin explants from various sources were stored in the 
refrigerator at 4 o C for 1 to 15 d in covered Petri dishes containin 
our standard supplemented RPMI 1640 culture medium. Before 
storing, th e skin was trimmed of subcutaneous fat and then cut into 
several pieces that fit into a standard 1 0-cm Petri dish . Sufficient 
culture medium (about 10 ml) was added, so that the underside of 
th e explants was covered, but their surface was exposed to air. The 
medium was changed on the days listed in Table I. 
T wo full-thickness explants, each 1.0 cm2 in size, were exposed 
top1cally to 0.2% SM and organ cultured for 24 h (along w1th unex-
posed control explants). The paranuclear vacuo les were counted in 
two tissue sections prepared from each explant. 
SM Exposed Explants: Storage of human skin at 4 °C from 1 ro 
about 7 d had no consistent effect on the total number of vacuole 
th at were produced by a subsequent exposure to 0 .2% SM and incu-
bation for 24 h at 36 o C (Table I): with some skin samples , such 
storage doubled th e SM-vacuo le count; w ith others, such storage 
had little effect on th e count. 
After 7 d in storage, th e skin specimens could no longer be used 
reliably to tes t the toxicant effect o f SM. Frequently , 0.2% SM 
increased th e vacuole count, as expected; but, sometimes, SM had 
littl e effect on the count. In the latter case, most of the epidermal 
cells may have been dead. 
These results indicate that stored human skin specimens can be 
used for about a week to evaluate the toxicity of topically applied 
substances . 
Co11trols: Storage of human skin at 4 °C from 1 to about 7 d fo l-
lowed by an incubation at 36 o C for 24 h (without the application of 
SM), had littl e or no effect on th e total number of vacuoles in th~ 
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Figure 5. The effect of storage at 4°C, and incubation at 36°C, on the 
nwnber of paranuclear vacuoles in full-thickness human skin explants. Skin 
specimens from seven patients were stored in culture medium in the refriger-
ator at 4 oc for the days listed in Table I. Tissue sections were prepared, and 
the paranuclear vacuoles were counted. After 0 to 3d of storage, the vacuole 
count ranged from 4 to 11 7 per em among the seven sources of skin. After 4 
to 7 d of storage, the vacuole count ranged from 100 to 81 0; and after 8 to 15 
d of storage, it ranged from 158 to 810. For each time period with each 
patient, these "after storage" vacuole counts are represented as 100%. The 
effects of 4- and 24-h incubation at 36 oC on these "after storage" counts are 
depicted in this graph (with means and SE). Note that the number of vacu-
oles increased with incubation (or remained the same) when the skin speci-
mens were fresh, but decreased with incubation when the skin specimens 
had been aged at 4 °C. 
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epidermis (Table I). The vacuoles that did form were mainly of the 
storage type (Table I). After a week at 4 o C, the total number of 
vacuo les increased (Table I). 
Viability of the Explants In glycol methacrylate-embedded 
tissue sections, epidermal cells in skin stored over a week often 
appeared unhea lthy when examined microscopically. Their nuclei 
and cytoplasm were more homogeneous and their cell boundaries 
were indistinct. N evertheless, in explants from some sources, 0.2% 
SM caused an increase (over co ntrols) in the number of paranuclear 
vacuoles (Table I) . In these explants, the increased numbers of vacu-
oles were probably produced by keratinocytes that were sti ll viable 
when the SM was applied. 
Effect of 4- and 24-h Incubation at 36°C on the Number of 
Paranuclear Vacuoles in Stored Hu1nan Skin Explants 
U11exposed Explants: These explants were stored in the refrigerator 
at 4 oC for 0 to 15 d . T hen, they were incubated in RPM! 1640 
medium in So/o C02-95o/o 0 2 for either 4 or 24 h; and paranuclear 
vacuole counts in each exp lant were compared to those fo und in 
non-incubated control exp lants. (Fig 5). 
With explants that were in storage 0 to 3 d, incubation at 36 o C 
increased the number of paranuclear vacuoles (ofboth types) (Fig 5). 
Evidently, with healthy cells, incubation accelerates the vacuoliza-
tion process. With explants that were 4 to 15 din storage, incuba-
tion at 36 o C decreased the number of paranuclear vacuoles (of both 
types) (Fig 5 and Table II) . T he best interpretation of these results 
seems to be that both types of vacuolated cells died, and that during 
autolysis the vacuoles were altered beyond recognition. 
In order to support this interpretatio n, rough counts were made 
o n th e epidermal cells in ski n samples 2 and 3 of Table I. A 4-h 
incubation at 36 o C did not appreciably affect the tota l number of 
epiderma l cell s (Table II), but did substantial ly increase the number 
showing autolyzed and pyknotic nuclei (Table II). 
SM-Exposed Explall ts: H uman sk in explants (stored 0, 5, and 9 d) 
were pre-incubated (in duplicate) for 4 h at 36°C, exposed to 0.2% 
SM (1 0 Jtl), and incubated for 24 additiona l h . Pre-incubation of 
human skin explants had no co nsistent effects on the number of 
paranuclear vacuoles produced by a subsequent application of sul fur 
mustard (Table III). 
Azide and cycloheximide Cell respiration is inhibited by azide, 
and prote in synth esis is inhibited by cycloh exit?ide. In order to 
determine the importance of these metabolic activities on vacuole 
formation, we incubated fresh human skin ex plants for 24 hat 36 oc 
in culture medium, to w hich sodium azide (100 JLgjml) or cyclo-
heximide (5 itg/ml) had been added. Both inhibitors had no signifi-
cant effect on the number of vacuoles produced by 1.0% SM (Table 
IV). T he sodium azide (without SM) greatl y increased the number 
of toxicant-type vacuoles (when compared to controls), but the 
cycloheximide (without SM) did not do so (Table IV). 
Table II. C haracteristics of Epidermal Cells in 1.0-cm2 Skin Ex plants Stored at 4 o C for 5 d and Then Incubated for 4 h at 36 o C• 
Number of Cel ls in an Average 1.0 em of Epidermis, 5 d Storage 
Cell Characteristics No Incubation 4-h Incubation No Incubation 4-h Incubation 
Storage-type vacuoles 83 4 110 3 
Toxicant-type vacuoles 180 36 98 12 
Pyknotic nuclei 125 320 165 255 
Autolyzed nuclei 1500 2250 1500 2200 
Degenerative changes 2600 2650 1200 1900 
No change 1000 1050 2150 2350 
Total cel ls 5488 6310 5223 6720 
" The n~mber of.ccl ls ':ith each d~aractcris.ric in a 1.0-cmlcngrh. of ~pidermis was ~crcrmincd in tl.te fo~lowi1~g man nc~. For each fi gure listed , eight ocular grid widths were chosen 
randomly 111 the cp1derm ts of th ree tissue secttons. Under a 40X obJCCtJvc lens, the cp tderma l cel ls w tth d Jscerniblc nuclei "vcre counted and characterized in these grid widths. Then , 
the means of the eight- grid area counts were ca lculated and multiplied by 50. (Fifty grid widths= 1.0 em.) 
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Table III. The Effect of Sulfur Mustard on Storage-Type and Toxicant-Type Paranuclear Vacuoles in Stored and Incubated Full-
Thickness Human Skin Explants• 
Incubarion Time ar 36•c (hours) 
Controls Sulfur Musrard (0.2%) 
Days in Storage at 4 • C 0 4 24 24 
4 (preincubation)' 
24 (incubarion) 
0 days 
Storage-type vacuoles 1 ± 1 2±1 45 ± 10 35 ±3 32±8 
Toxicant-type vacuoles 1 ± 1 1 ± 1 14 ± 3 780 ± 80 470 ± 60 
Total vacuoles 2±1 3±1 59± 13 815 ± 80 502 ± 60 
5 days 
Srorage-type vacuoles 85 ± 14 4±1 63± 7 41 ± 5 29 ±4 
Toxicant-type vacuoles 180 ± 27 36±6 28± 5 470 ± 30 650 ±50 
Total vacuoles 265 ± 30 40 ± 5 91 ± 12 511 ± 30 679 ±50 
9 days 
Storage-type vacuoles 92±9 17 ± 2 28± 3 56± 11 47 ±6 
Toxicant-type vacuoles 66 ±24 14 ± 3 13 ± 3 910 ±50 1250 ±50 
Toral vacuoles 158 ± 24 31 ± 4 41 ± 4 966 ± 60 1297 ±50 
'The data presented are from a representative skin sample (number 2 of Table 1). Similar counts on ex plants from four other patients were also made. In all four, our findings weer 
similar to those presented here. 
'Preincubation of stored skin for 4 h at 36'C (before the topical application of SM) had no consistent effect on the number of paranuclear vacuoles produced by SM in 
organ-cultured skin explants. (The control group provides a specific example of data summarized in Fig 5.) 
From these findings, w e conclude that neither cell respiration nor 
protein synthesis is required for toxicant-type vacuole production. 
In fact, impairment of cell respiration seems to produce such vacu-
oles by initiating events that lead to the proteolytic degradation of 
cytoskeletal proteins (see Discussion). 
14C-Leucine Incorporation Test for Protein Synthesis This 
biochemical test can be used to confirm the results of the paranu-
cleat vacuolization test, because toxicants interfere with the incor-
poration of 14C-leucine into the explant's proteins (6]. Fresh full-
thickness human skin explants, exposed to various concentrations of 
SM, were incubated for 24 h with 14C-leucine, along with control 
skin explants exposed only to the methylene chloride diluent. An 
inverse relationship was found between the concentration of sulfur 
mustard and the amount of 14C-leucine incorporation by human 
skin ex plants (Fig 6). The effective concentrations of SM were the 
same as those producing paranuclear vacuoles in the epidermis 
Table IV. Effect of Sodium Azide and Cycloheximide on the 
Number of Epidermal Paranuclear Vacuoles Produced in 
Full-Thickness Human Skin Explants by Sulfur Mustard• 
Topical Treatmenr of Explant 
MeC12 Sulfur Mustard 
Treatment (diluenr conrrol) (1.0% in MeCl2) 
Sodium azide (100 ,ug(ml) 
Storagc-rype vacuoles 69 ± 14 119 ± 22 
Toxicant-type vacuoles 590 ± 290 830 ± 260 
Total vacuoles 660 ± 290 950 ± 260 
Cycloheximide (5 ,ug/ml) 
Storage-type vacuoles 69 ± 34 75 ± 10 
Toxicant-type vacuoles 11 ± 2 970 ± 250 
Total vacuoles 80 ± 33 1050 ± 250 
Nothing 
Storage-type vacuoles 88 ±59 89 ± 16 
Toxicant-type vacuoles 12± 4 800± 220 
Total vacuoles 100 ± 63 890 ± 230 
• Toxicant-type vacuoles were evidently produced when full-thickness human skin 
ex plants were cultured for 24 h in the presence of sodium azide (1 00 J.lg/ml), but no 
such vacuoles were produced in the presence of cycloheximide (5.0 !J.gfml). Neither 
inhibitor had much effect on the number of vacuoles produced by 1.0% sulfur mustard. 
These experiments were performed on either the same day that the skin was removed 
from the patient, or after it was stored overnight at 4'C in culture medium. The means 
(and SE) of experiments on skin from five patients are listed. 
(compare Figs 2 and 6). With rabbit skin, autoradiography showed 
that epidermal cells incorporated most of the 14C-Ieucine (6] . 
The 14C-leucine incorporation test is more cumbersome than the 
paranuclear vacuolization test, because it involves homogenizino 
the collagenous skin explants, removing the unincorporated 14C-
leucine with repeated washing in trichloroacetic acid, and solubiliz-
ing the proteins for scintillation counting. We predict that the 
14C-incorporation test and the paranuclear vacuolization test will 
remain correlative when other toxicants are evaluated. 
DISCUSSION 
General Comments on the In Vitro Toxicity Test These 
studies were undertaken to develop a practical in vitro test for the 
toxicity of chemicals applied topically to human skin. In the appro-
priate medium, skin explants remained viable in the refrigerator for 
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Figure 6. The effect of various concentrations ofSM on protein synthesis in 
fresh full-rhickness human skin explants, determined by the amount 
14C-leucine incorporation in 24 h of organ culture. A decrease in protein 
synrhesis, i.e., leucine incorporation, is a measure of toxicity to the explanl 
Open circles, explams from one patient; open squares, explants from the otb11 
patient. The line connects the means. The lowest concentration ofSM with 
distinct effects on every explant was 0.1 %. 
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about a week. In culture at 36°C, the explants almost a lw ays sur-
vived well for 1 d, and freq uently su rv ived for 3 o r 4 d . Such 
hardiness is not surprisin g w hen one considers the ran ge of tempera-
ture and variety of irritan ts to which human skin is frequently ex-
posed in vivo. That human epiderma l cells and hair fo ll icl e cell s 
remain alive for hours afte r the death of their host is further proof of 
such hardiness (unpublished observatio ns on viability). 
Nature of Storage-Type Vacuoles T he exact nature of both 
rypes of paranuclear vacuo le remains elusive. T he storage type 
seems to be associated w ith g radual ce ll auto lys is, and seems to 
involve solubili zatio n of perinuclear cytoplasmi c components 
without forming a vacuolar membrane . The storage-type vacuo les 
were usuall y associated w ith dispersed and sometimes partly absen t 
nuclea r chro m at in . T he ir ·number was not increased appreciably 
follow ing exposure to sulfm mustard (Tab le I) or sodium azide 
(T ab le IV) . 
Nature ofToxicant-Type Vacuoles In contras t, the number of 
cox icant- type vacuoles was increased by the applica tio n of toxicants 
(Tables I and IV; (6]). This type of vacuo le has been described 
infrequently in th e literature (6, 12- 15] and is not mentio ned in 
current classificat io ns of cell death (1 6, 17]. The toxicant-type va-
cuo le for m s in vivo ((18] and K.G. M oore and A.M. Dannenberg, 
unpublished observatio ns) as well as in vitro (6, 19] when a v iable 
kera tinocyte is injured. 
Toxicant-type vacuoles are not specific for SM injury. When 
added to th e culture m edium, sodi um azide (Table IV) o r ca lcium 
ionophores (C. Hirshman , unpublished experiments) produced 
such vacuo les in fu ll -thickness human ski n expl ants. Toxic doses of 
dini troc hl orobenzene or oxazo lone (app lied topica lly to full- thick-
ness g uinea pig sk in explants) also produced such vacuo les (19]. 
Sensitiza tio n of g uinea pigs to d ini trochlorobenzene or oxazolo ne 
greatly increased t he number of vacuo les produced by a subsequent 
application of sli g htly toxic doses of th e specific c hemical (1 9]. 
The seque nce lead in g to toxicant- type vacuo le formation in vitro 
occurs while much o f th e cell 's cyto pl as m is still functional and 
intact (Fig 4) , but alterations in cytoskeletal proteins m ay contribute 
to the vacuo le format io n. Toxica nt-type vacuoles should not form 
when inj u rious agents instantl y ki ll all functional parts of the ce ll , as 
with heat and other protein denaturants. Also, re latively few toxi-
cant- type vacuoles formed w hen the epidermis died over a period of 
many days (during storage in th e refrigerator). Th us, the ra te of cell 
death influences the number of toxicant-type vacuo les th at do form . 
Incubatio n of the exp lants at 36 oc for 3 o r 4 d often p rod uced th e 
toxicant-type vacuo le in m any of th e epidermal cells (unpublished 
observations)-possibl y because cell death occurred more rapidly 
than a t 4 °C, and poss ibly because the lipid m embranes were m ore 
fluid a t 36 °C than at 4 °C. 
Vacuoles of the size and shape presented herein are probably 
characteristic of epidermal cells left in situ . The vacuo les described 
in liver ce ll s (20 - 22] did not usually inde nt the nucleus to th e same 
extent as did t hose produced in epidermal cells. In free cells, blebs 
rather than vacuo les are m o re com mo nly observed (23- 26]. 
Origin ofToxicant-Type Vacuoles T he membrane of the tox-
icant-type vacuo le does no t seem to ori ginate from the nucl ear 
envelope. Swe ll ing of the nuclear envel ope occurred , but these dila-
tations were small and never became as large as did m any of the 
toxicant-type vacuo les. Toxicant-type vacuo les are probably not 
dilated endoplasmic reticulum, since the endopl asmic reticu lu m ap-
peared entire ly no rmal in some o f the vacuolated cell s. Epiderma l 
toxicant-type vacuo les probably form by invagination of the p lasma 
membrane, similar to th e vacuoles in li ver ce lls of animals m ade 
anoxic (20,2 1] or ki ll ed by e lectric shock (22]. 
The biochemica l m echanisms in vo lved in the form ation of toxi-
cant-type vacuo les may be those desc ribed by Trump and co-
workers [25,26]. Specificall y, th e fo ll owin g sequence of events 
probably occurs: sul fur mustard, az ide, and other toxicants interfere 
with cel l respi ration, thereby reduci ng the cell 's adenosine triph os-
phate energy sto res. (SM alkylates DNA. Suc h DNA iruury acti-
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vates pol y[ adenosine diphosphate-ribose]sy n thetase [27], w hich de-
p letes the cell's nicotinam ide-adenine d inucleotide, a co-enzyme 
necessary for ce ll respiration (28].) T he decrease in adenosine tri-
phosphate energy stores reduces the cell 's ab ili ty to maintain Ca++ 
homeostasis. Therefore, cytoso lic Ca++ inc reases, and ca++-depen-
dent neutral proteinases are ac tivated [23,24]. These proteinases 
degrade cytoske leta l proteins and/ or membra ne-integral proteins 
(25,26], wh ich , in intact epidermis, m akes co nditions favorable for 
p las ma membrane invagination and vacuo le formation. 
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